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I. INTRODUCTION

The MARK66 (MK66) motor is used as the propulsion device for the multi-
plicity of HYDRA 70 warhead configurations and launch platforms. A recent
report, Reference 1, has been prepared by Naval Ordnance Station Indian Head,
MD, describing the MK66 motor mass and propulsive characteristics (see Tables
1 and 2). This report is intended to complement Reference 1 by presenting
a more detailed basic aerodymamic characterization of the rocket with the
two prineipal warheads that typify most of the configurations of the Hydra 70
system. Recently there have been several studies suggesting additional
application of the MK.66, or a derivative, for future systemc vhere more
detailed aerodynamic definition may be useful.

The MK66 motor was developed by the Navy through a product improvement
program (PIP) for the MARK 40, 2.75-inch rocket system. The differznces
include a propellant with 30 percent more total impulse and reconfigured
tail fius which provide better aerodynamic stabilizatior. The rocket nozzle
assembly is similar to the Navy Zuni rocket configuration. The principal
difference, besides scale, i three wraparound fins {(WAF's) replacing the
ZUNI four fin configuration. During early fligh® tests, the MKA6 rocker with
the original (MOD 0) Navy designed tail fin was observed to exhibit flight
dynamic anomalies that resulted in shorter range than predicted.

In mid 1979, the Army 2.75 Management Office tasked the MICOM Svstem
Simulation and Development Directorate to &ssist in defining and solving
the short range problem. A substantial data hase for wraparcund fin config-
urations had by this time been assembled through MICOM in-house aerodynamic
technolegy studies. This data base was used tou characterize MKSES6 configura-
tion and subsequent flight simulations suggested that roll rate decaved ox
possibly reversed during flight.

The MK66 nozzle is fluted to produce roll torque, and boost roll rates
were observed to exceed 50 Hz toward the end of boost at approximately one
sacond. Aerodynamic roll moments were not adequately wind tunnel tested
for both MK66 and ZUNI. Prior to the 1970's, many aerodynamic designers had
avoided considering the WAF because of their unusual aerodynamic rell moment
characteristica. ZUNI was designed and devecloped for ashort range air-to-
surface application where signi{ficant vange beyond end cf booat was not
required. Additionaliy, ZUNI is expected to exhihi: wobble during long range
flights in a surface-to-gsurface application when the standard fin is used and
could be unpredictable in range sccuracy.

Because of its background in WAF technology, MICOM led the organization
and planning of a wind tunnel test (Refereunce 2) conducted by the Navy at
the NASA AMES Research Center 6x6 trisonic winé tunnel. Detailed analyses
of these data were made by MICOM and some of these data are described in
Reference 3. The earlier predictions of the MK66 aerodynamic roll moment
characierizatior was substantiated by results of this test and follow-on
fligkt test (References 3 and 4).

This report, in addition to describing the baseline MK66/HYDRA 70 aero-
dynamjc characteristics, provides the technical basis for the unique MOD 1
WAF configuration and defines the aerodynamics that affect rapid roll
reversal.




TABLE 1. Physical Characteristics of 2.75 Inch Rockets With
MK66 MOD 1 Motors

PIP M237 FLARE/HKES | 9.00 | 22.65 15.43 ! 69.260 ! 32.75 37.64 ! 25.80 9339 ! 19.90 7579

16264 SHUKE/HNK6S {8,001 21,65 14.43 1 66.100 ! 30.84 35.01 ) 23.70 7639 ! 17.00 6205

IK262 FLARE/NXGE i9.00 1 22,65 15.43 1 66.100 } 32.00 36.00 ! 25.80 8000 ! 19.90 6500

i
: : Weight (Lbs) ! i+ C.G. Fros : Mosents of Inertia (Lb-In2) !
: : ; it Base (In) ! Live i Fired H
i { Har- | MNotor + Whd ! Length ! t Axial Trans-) Axial Trang- |
; Configuration s head | Live Fired ! (In) i Live Fired ! Verse | Verse
! NK 66 Motor Only 1o 1 1.6 6.43 % ¢41.750 0 18.89 15.70 { 15.80 2032 ! 9,30 1371
¢ H423 PO/NI9] HE/MKGE | 9,30  22.9F 14,73 ! 55.123 ! 29.96 33.95 ! 26.20 6248 ! 19.70 5008 !
¢ N433 RS/M {51 HE/MKE6 © 10.20 ! 23.85 16.63 ! 9$6.500 { 30.73 34,82 ! 25.90 6706 ! 19.70 1§37 !
i HN261/1M267 MPSM/NKGS | 13.50 & 27,15 19,93 | 66,100 | 35.26 40.02 ! 29.40 9869 ! 23.30 /995!
i M259 SMOKE/MKCA i 8.80 0 22,45 15,23 1 64.700 | 31.36 35.80 ! 24.80 7746 : 17.90 6232 !
i 237 FLARE/MKGR 1 10.37 1 24.22 17.00 1 70,400 i 34,75 40.04 ! 27.80 10807 : 21.70 8383 !
: '




TABLE 2. MK66 Thrust And Torque Tables

- Time Thrust Torque
Sec 1b Force inch-1b
0. 000 0.0 0.0
0.012 1304.35 39.1
0.037 1400.0 42,0
0.062 14359.1 43.2
0.187 1245.7 37.4
0,412 1189.0 5.7
0.437 1267.2 8.0
0.462 1276.9 3I8.3
0.487 1451.8 43. 64
0.3512 14%57.7 43.7
0,337 1267.2 Z8.¢
0.3562 }234.0 37.0
0.862 1522.2 4.7
0.887 1485, 0 44 .6
0,912 1611.1 48.32
0.937 16S4.1 49. 4
0,962 1780.1 £T.4
0.987 1792.8 3.8
1,037 1463.5 43T,9
1.062 1076.8 I2.
1.087 421.4 14.32
1.112 146. 6 4,4
1.1%0 0.0 0.0

Total Impulse to Match Radar Tracking
Ballietics Through 1981

Ambient = 1480 Lb-Sec
-3I0 F = 1446 LLb —-Sec
+180 F =3 104 Lb-Sec




IL. PHYSICAL DESCRIPTION

The HYDRA 70 rocket system has numerous warheads that may be physically
mounted to the MK66 motor. Most of these were developed and fielded with the
older MARK 4 and MARK 40 motors. Two basic aerodynamic configurations are
more prominent; those similar te the Mi51 high explosive (10 1b head) and
those similar to the M251 submunition head. Table 3 shows several of che
more popular variants with their physical differences. The Army tactical
fire control system computes fire solutioms for the M151 and M26l1 heads as
well as others.

Figure 1 shows an cutboard profile of the aerodynmamic configuration for
the MK66 with both the M151 and the M261 warheads. Figure 2 shows more
detail of the MOD 1 wraparound fin. Three WAF's are mounted on pims to the
nozzle assembly (at zero incidence) and can be folded inside the nozzle
aasembly external circumference while in the launch tube. A preloaded spring
forces the fins outward while the convex side rides on the inner tube surface
during launch. At tube exit the three fins are free to erect in & clockwise
rotation and lock open to a positicn having the tip and root along body radii
(see Fig. 3). The rectangular fin projected planform is more than adequate
for aerodynamic stabilization. In addition to aerodynamic stabilization of
the rocket, even though at zero incidence, a WAF produces an inherent aero-
dynamic roll moment (References 3 and 4). WAF forces are generally directed
toward the fin center of curvature at subsonic speeds and in the opposite
direction at supersonic speeds. This means a counter-clockwise, CCW, self-
induced aerodynamic roil moment for subsonic flight and clockwise, CW, moment
for supersonic flight for che MK66 as shown in Figure 1l. Fin leading edge
of Figure 2, is beveled at 10.0 deg only on the convex side to generate
high aerodynamic roll moment at supersonic speeds in the counter-clockwise
direction. The suall 10 deg bevel on the trailing edge concave side is to
agssist in waintaining counterclockwise roll moment at low tramsomic and sub-
sonic speeda. Thease bevels were add-ons to overcome the MOD 0 fin roll
moment deficiency and to tailor the rocket roll rate during flight to
satisfy all warhead, fuze arming, and performance requirements.

The fluted nozzle produces roll torque to create approximately 10 Hz
rocket spin rate at launch, tube exit. This is adequate for reduction of
system error caused by any thrust vector misalignment. However, motor torque
continues to accelerate the roclict roll rate until equilibrium with aero-
dynamic roll moment is reached. Table 2 shows MK66 axial thrust and roll
torque versus burn time (Ref. 5) showing a total impuvlse of 1480 lb-sec.

Data presented in Reference 1 show the total impulse to be 1515 lb-sec based
on recent lot sample test results. The 10.0 deg asymmetrical leading edge
baevel is designed to retard the boost spin rate safely below fuse arming
limitations of 150 Hz maximum. A second benefit of the leading edge bevel is
that during supersonic flight, the rocket is rupidly de-spun from high (30 to
35 Hz) clockwise roll rate to a counterclockvwise roll rate within approximately
one second following booster burn out as shown in Figure 4. In additiom to an
upper limit restriction, it is desirable to have less than *30 Hz for the

M261 submunition warhead at dispense event. At low transonic and subsonic
rocket speeds (t > 6 sec), the leading edge bevel loses most of its effective~
ness, and the trailing edge bevel takes control augmenting the inherent WAF
roll moment to maintain an approximate 20 Hz counterclockwise spin rate

(see Fig. 4). The roll moment of the WAF in itself is not sufficient to keep




TABLE 3. 2.75 Inch Rocket Components

WAREATS " FUIES
Identification Type ferodynaaic i MRS RS/Multi Option
Shape "
L LX) Elect,Var Tise Delay
N151 HE 1 "
o M3y Point Detonating
N4l o 2 HH
., Point Detanating
NZN Seake 2 '
MR PIBD
nx7 [1luatFlare) 3 "
WU 4A/13A Flechette
¥262/263 Ilua 2 HH {Integral W/Whd)
"M Proximity
264 Secke 2 H Y
7 WPH/Practice 2 t1 NOTES: (Aerodynamic Shape)
NR24 Secke/Practice 1 i 1 - Nose shape of N15l, see Figuwe |
2 HE 1 i 2 - Nose shape of M262, see Figure |
n47 HEPD 1 " 3 - Blunt Cylinder
Wiy 4A/13A Flechette 2 HH
s Fleciette 2 "
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hinge circle diam. = 2.480
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Rear View

Figure 3. Fin orientation.
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the roll rate out of the pitch-yaw natural frequency band. Flight data
has revealed that the rocket has a2 nose down pitch rate of 0.2 rad/sec
bias and a +0.16 rad/sec standard deviation at tube exit. This bias value
is included in the fire control algorithm.

III. AERODYNAMICS

‘fhis section is meant to show the aerodynamic characterization of
the two basjic HYDRA 70 aerodynamic configurations (MK66/M151 and MK66/M261)
and explain how they were obtained with particular emphasis on the aero-
dynawmic rclling moment coefficients. This is discussed in three parts
according to the method of definition. Drag coefficients were obtained
almost entirely from flight analysis; aerodynamic stability is derived
from wind tunnel data; and the rolling moments were determined from a
combination of analytical estimates backed up with wind tunnel test data
and verified by limited flight test. Values for the aerodynamics used in
the Fire Control Solutions are shown in Tables 4 through 6, obtained from
Reference S.

A. Drag Coefficients

The drag coefficients shown in Table 6 are also shown in Figure 5
for the MK66/M151 and MK66/M261 for both power-on and power-off through-
out the Mach number range. The reference arez for these coefficients sre
based on the rocket motor cross-sectional area where D=2.75 in (70 mm).
Results from the fire control system reflect these values. Power off was
derived from flight data amalygis cf the coast flight nhase, and nower on
is constructed for an astimated base pressure drag adjusted so that the
simulated maximum velocity matches flight data. These data were provided
by Armament Research and Development Command (ARDEC) Picatinny Arsenal,
Dover, New Jersey. Recent analysis of firings at MICOM Research, Develop-
ment, snd Engineering Center (RD&EC) show that the M1S51 coast drag may
be high by as much as 10 percent.

B. Aerodynamic Stability

A wind tunnel test of the MARK 66 was conducted at the U.S. Army 6x6
Trisonic tunnel located at the NASA AMES facility during the Jan~Feb 1981
time frame. RD&EC assisted in planning and provided the scheduling arrange-
ments with NASA for this test. The Navy provided model parts and engin-
eers to conduct the test. This teat was conducted primarily for the
purpose of verifying the RD&EC findings related to the early design MK66
roll rate prcblems. Reference 2 is the Navy data report covering this
test, however, analyses for these results were conducted to some degree
at both RD&EC and Indian Head. While the AMES test results were adequate
for the primary goal of defining roll characteristics, these results would
have been deficient for defining static margin. The number of data points
were inadequate for a rigorous stability analysis. Shock reflections were
suspected of affecting data at some transonic Mach numbers, and 3-fin
anomalies can cause confusion. A reasonable definition of aerodynamic
center of pressure is all that is required because of the large rocket
gstatic margin. The aerodynamic static stability data shown in Table & was
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TABLE 5. MK66 Aerodynamic Roll Moment Coefficients - All Warheads

Mach cl cLé Clp
Total 1/rad 1/rad
0.00 ~0.116 2.92 -5.60
0.60 ~Q.11l6 2.98 -6.10
0.90 ~0.122 3.09 -$,40
1.00 -0.104 3.21 -6.90
1.10 -0.083 3.49 -7.80
1.15 -0.068 3.67 -8.05
1.30 -0.019 4,01 ~8.15
1.60 -0.036 3.90 -8.00
1.90 -0.052 3.49 -7.60
2.20 -0.056 3.09 -7.10
2.50 -0.060 2.81 -6.70
3.00 -0.065 2.29 -6.00

Reference Area = mD2/4 ; Ref Dia = 2.75 Inch

12




TABLE 6. MK66 Drag Coefficients

MK6&/M2E1/M264 MK66/M151
Mach Power Coast Mach Pawer Coast
an On
0.00 0.473 0.4680 0.00 0.350 0.700

0.68 0.473 0.680

0.70 0.455 0. 660

0.74 0.411 0.610

0.76 0.411 0,610
0.78 0.550 0.700

0.79 0.429 G. 4630
0.82 0.576& 0.730
0.90 0.500 0.740 0.90 0.629 0.809
0.94 0.5650 0.863

0.93 0.3508 0.790
1.00 0.513 0.850 1.00 0. 685 0,940
1.03 0.69% 0.977

1.05 0.3522 0.865
1.06 0.710 0.989
. ol ¢.890 1.10 0.727 1.000
1.15 0.374 0.510 .18 . 742 1,008
1.18 0.747 1.010

1.22 0.391 0.920
1.28 0.760 1.012

1.30 0.39%8 0.920
1.34 0.737 1.005

1.40 0.389 0.905
1.48 0.7353 0.970

1.50 0.380 0.883
1.58 0.742 0.97¢C

1.60 C.571 0.865

1.70 0.356 0.8490
1.71 0.724 0. 740

1.80 0.337 0.810

1.90 0.513 0.773
1.94 0.681 0.875

2.00 0.300 0.745

2.10 0.480 0.710
2.20 0. 6350 0.811
2.40 0.628 0.7465
2.860 0.4612 0.730
3.00 0.330 0.430 3.00 0. 600 0.700

2
Reference Area = 7D /4 ; Where D = 2.73 Inches

13
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provided by Indian Head based on linearization of these data. Plots of the
normsl force and center of pressure are showr in Figures 6 and 7. Particu-
larly important is the static margin shown in Figure 7 to be 5 to 6 calibers
(body diameters) at the wovst case near rocket motcr burn out. This rocket
i3 very stable and therefore very sensitive te cross winds. The MICOM
analysis of linearized aerodynamic center of pwessure \see Fig. 8) is
slightly different, but these differences are not significant as far as

the fire control solution is concerned because of this large static margin.
The RDSEC computaticn of aerodynamic pitch/yaw damping is used in the fire
control solution. This was estimated from a simplified slender body :heory
approach based on the body and tail fin terms and was computed as follows:

CMq = -2[CNab(Xcpb=Xeg) “2+CNat(Xcpt-Xcg) “2}

where subscripts "b" represent the body, "t" the tail, and "Xcg" is the
center of gravity of the total rocket assembly less the propellant (burn-
out condition) measured from the same reference point as the Xcg. Results
of this calculation are shown in Figure 9.

C. Roll Moment

The original MK66 MOD 0 fin had the same planform’ as the current
MOD 1 fin. It has a symmetrically beveled leading edge and a blunt trail-
ing edge. Early flights revealed range reduction and performance uncer-
tainty. Flight analysis using conventional drag and motor adjustments
were unable to produce reasonyble solutions for the range anomalies. It
had been suggested that erratic rocket wobble (or coning) was the basis
of the problem, and that the wraparound fin was the root caute of the
wobkle. A RD&EC aerodynamic techuology program dealing with the wrap-
around fin had been completed by this time and summarized in Reference 4.
The HYDRA 70 Management Office requested that an independent analysis of
the problem be made by MICOM RD&EC.

Wraparound fins were mounted on two different rocket afterbedy
configurations during the aerodynamic techmology study. One had & step
down begimning at the fin leading edge with the wraparound simulated
hinge mounted ia this step down portion, and the other had the fins
mounted on the maximum diameter straight body surface. Two important
results of the wraparound fin study were: (1) the wrapsround fin self-
induced aerodynamic roll moments may, and usually will depending on plan-
form, change direction near or at Mach = 1.0; and (2) may change direction
a second time in the low supersonic Mach number range if mounted on an
afterbody that steps down to a smaller diameter where the fins are mounted.

As shown in Figures 1 and 3, the MK66 motor has a recessed zone
where the fins are hinged similar to the step down in Reference 3, except
there i8 a raiseu portion behind the fins, wmaking the fin hinye totally
enclosed in a recessed zone. Initial estimates from empivical analysis
of the wraparound data applied in the MK66 geowmetry modeled the aerodynamic
roll moment using both smooth and step down body trends. These estimates
were used to simulate the MK66 roll rates, and were compared to typical
flight results (see Fig. 10). 7This comparison illustrated two points

15
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Figure 13. MK66 flight roll rate.




that led to both an understanding and a fix teo the range reduction

problem: (1) the smooth body trends almost identically matched flight
results, and (2) roll rate and the pitch/yaw rates were very close to the
same magnitude for an extended period, and rocket wobble could be expected

to occur by as early as 5 seconds and certainly after 8 or 9 seconds of
flight. This chart shows the MK66 MOD 0 roll rate history over several
seconds of flight time along with the pitch/yaw natural frequency band.

Also shown are the fuze and warhead limitations that the HYDRA 70 system

has with respect to roll rate. There is a +55 Hz 1limit cn spin rate during
beost acceleration for arming of some warhead fuzes and a +30 Hz limit on
spin rate for the M261 submunition warhead at time of munition dispense.

In order to avoid wobble, a difference of several cycles per second should

be kept between these various pexiodic motions. The clockwise roll torque
from the fluted nozzle continues to accelerate the spin rate through boost
unt’l equilibrium with fin aerodynamic roll moment and damping is obtained.
Y.thods investigated that insured rocket clockwise spin stayed above the
pitch/yaw rate also increased the boost spin rate near or beyond the arming
limit. The asymmetrical leading edge bevel had been investigated during the
RD&EC WAF technology study and found to be a strong roll driver at supersonic
speeds with little or no roll effectiveness at subsonic speed, while trailing
edge tabs and bevels are generally known to be particularly effective as sub-
sonic lift generators. Roll moment and roll rate estimates were made for a
number of combinations of bevels and tabs applied to the MK66 MOD O fin that
sufficiently separated rocket spin rate from the pitch/yaw rates yet remain
within the fuze and warhead constraints. The firal conclusion arrived at was
that a leading edge bevel on the concave side could be used to retard the
rockat motor spin during the boost supersonic speeds and allow the rocket to
reverse the roll direction while rapidly passing through the picch/yaw fre-
quency range. A small trailing edge bevel on the convex side would provide the
necegsary torque to augment the induced WAF roll moment during the remaining
subsonic flight. A plot of Mach number and roll rate for a typical MK66 flight
is shown in Figure 4 where these various drivers are highlighted. The roll
rate history of the MK66 with the MOD 1 fin is controlled by the combining
of the WAF, leading edge bevel, and trailing edge bevel aerodynamic roll
moment coefficients shown in Figure 11. Motor rull torque dominates during
boost while maximum rate is iimited by the sun of this torous,; the total
aerodynamic 7roll moment, and gerodynamic roll damping. Thiz is show.
(Cltotal) in Figure 12 and Table 5. Roll moment due to fin cant or iuci-
dence is also shown in Figure 12. However, since the fin is degigned to

have zero incidence, this effect is only ueed to atudy tolerance variances,
etc. Aerodynamic damping was estimated using slende. hudy theory and
verified through wind tunnel spin data analysis and flight teet simulations.
The roll moment coefficients in Figure 12 were further confirmed through
special dedicated flight test, (Reference 6), results which are shown in
Figure 13. Two important notea should be pointed out when reviewing these
data: (1) the range timing during the YAWSONDE test flights were not
initialized precisely, and (2) a non-tactical 8.5 pound M261 warhead was
flowm. The time that the rocket exita the launch tube is on the order of
0.08 seconds following motor ignition and has a roll rate at tube exit of
approximately 7 Hz for this warhead. An approximate 0.5 second timing

shift explains most of this period of 0.64 sec with zero roll rate. Also
showa in Figure 13 {8 a comparison to simulation of the MK6G/8.5 1b M261




using these coefficients where a 0.5 second shift to the simulation
results are applied. The difference between the current MOD 1 and the
original MOD 0 fin roll rate histories are illustrated in Figure 14. As
can be seen, the MOD 1 satisfies all requirements except for a short dwell
time near four seconds. There has not been any indication of rocket wobble
since the incorporation of the MOD 1 fin. The difference in rocket spin
rate due to the various warheads is exemplified in Figure 15, where the
M151 and M261 are compared. As shown, the principal difference is a phase
shift caused by the small difference in two configurations ballistics
(drag and mass Mach number effect). Comparing these with the simulated
roll rates of flight A2 in Figure 13, the effect of roll moment of inertia
ig illustrated by the overspin differences immediately following roll
reversal at approximately two seconds.

IV. GSUMMARY

Tables 4 through 6 present the aerodynamic coefficients fcr the
HYDRA 70 MK66 two basic configurations for which the fire control solu-
tions are computed. It should be pointed out that, if significant alter-
ations of the rocket ballistics are made such as propellants, launch
conditions or airframe design changes, additional roll rate analysis
should be ccnducted.
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